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Abstract 
This study aimed to develop a new pre-hole shearing process to provide excellent formability of the subsequent hole expanding 
process for manufacturing automobile wheel disks made of high tensile stress steel. A “simplified opposite die shearing process” 
was newly proposed for forming a pre-hole for the hole expanding process since the original opposite die shearing process 
requires relatively complicated tool sets regardless of its excellent properties for hole expansion. As a result of the series of 
experiments with the simplified opposite die shearing process as the pre-hole forming process for the hole-expanding process, 
the simplified opposite die shearing process showed an improvement of 0.3 in the expanding ratio over that in the case of the 
usual shearing process. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Nagoya University and Toyohashi University of Technology. 
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1. Introduction 
The pre-hole punching conditions for the hole expanding process of the sheet metal have a remarkable influence 
on the formability of the following hole expanding process. The reason is that work-hardening during pre-hole 
punching causes breakage at the inner rim region during the following hole expanding process since it exhausts the 
ductility or formability of the material. A series of studies by Nakagawa et al. (1968) showed that the pre-hole 
formed by the cutting process indicated excellent formability for the hole-expanding process because there was no 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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work-hardened region on the edge of the pre-hole. The opposite die shearing process (Kondo et al. (1971), (1982), 
and (1988)) was focused on the pre-hole punching process for the hole-expanding process because opposite die 
shearing process utilizes the cutting mechanism and the separated surface by opposite die shearing process has no 
work-hardened region. The terminology “cutting mechanism” is to indicate that the work-hardened metal on the 
shear plane in the cutting process is ejected from the finished surface as chips or scraps.  
In this study the simplified opposite die shearing process was adapted to be advantageous for saving tool 
components from the original opposite die shearing process for the hole expanding process at the center of the auto 
wheel disk. The test pieces with the simpler round shape modified from the actual complicated shape were adopted 
for a laboratory experiment.  
 
2. Experimental method  
2.1. Simplified opposite die shearing process 
Fig. 1 shows the outline of simplified opposite die shearing process which is composed of two steps. The blank 
at the first step already has a pre-hole made with a usual shearing process. The downward motion of the punch at 
the first step with the stroke less than the blank thickness realizes the partial separation of the blank with the 
cutting mechanism which feeds the work-hardened metal as scrap by an inward direction by virtue of the minus 
clearance. At the second step, the clearance condition is altered from minus one to plus by the die exchange. 
Therefore, the residual thickness of the blank will be shorn by the usual shearing mechanism whose clearance 
condition is plus, while the inner work-hardened metal of the blank can be eliminated as scrap. As a result of these 
two steps, the finished separated surface should have two different types of features. One will be free from the 
work-hardened region caused by the first step with the minus clearance and another will contain both the burnished 
work-hardened region and the fractured region caused by the second step with the usual shearing mechanism. 
 
Fig. 1. Schematic of “simplified” opposite die shearing process. 
Fig. 2. Hydraulic press machine for experiment. 
 
2.2. Experimental apparatus 
Fig. 2 is a photo of the hydraulic press machine utilized for the series of experiments with a maximum force of 
1500 kN and three hydraulic actuators. Two types of the die sets were used for each experiment of the first 
shearing process for the pre-hole and the second hole expanding process. Fig. 3 shows the tool sets of the 
simplified opposite die shearing process for the first pre-hole punching. Fig. 4 is the schematic view of the tool sets 
for the hole expanding process. At first the blank was set with the upper face at the pre-hole punching process with 
simplified opposite die shearing process the same as the upper face also at the hole expanding process. Then the 
blank was hold by the upper blank holder with the force 65 kN loaded by the upper hydraulic cylinder of the press 
machine. Then the upward movement of the lower conical punch which will penetrate the pre-hole of the blank 
  
Blank
Punch
1st
Die
2nd
Die
Scrap
Minus Clearance Plus Clearance
First step Second step
Die Exchange
1st
Die
 
1129 Kozoh Katoh et al. /  Procedia Engineering  81 ( 2014 )  1127 – 1132 
performs the hole expanding process. As a measure to evaluate the formability for the hole expanding process, the 
“hole expanding ratio” was adopted with a definition by Eq. (1), 
 
  100b i id d dO   u ,  (1) 
 
where  id  is the initial diameter of the hole, and bd is the hole diameter enlarged by the hole expanding process. 
For example, the hole expanding ratio would be 100% under this definition in the case of the doubled diameter 
after the process. 
 
Fig. 3. Tool set of pre-hole shearing for hole expansion. 
Fig. 4. Tool set for hole expansion process. 
 
2.3. Evaluation method of breakage on rim part during hole expanding process  
The formability of the hole expanding process is evaluated by the existence/non-existence of the breakage on 
the circular rim part formed at the inner edge of the expanded hole. Fig. 5 shows photos of the test piece samples 
after the hole expanding process. Fig (a) shows the completed hole expanding process. Fig (c) indicates breakage 
on the rim part. Fig (b) presents the intermediate situation between (a) and (c) with the neck on the rim. 
 
(a)  Completed hole 
(b)  Neck  (c)  Breakage 
Fig. 5. Photos of test piece samples after hole expansion process. 
2.4. Experimental conditions  
Table 1 summarizes the experimental conditions. The material adopted for the experimental blank was a hot 
rolled steel plate for auto “SPFH590” with a high tensile stress of 590 MPa. The shape of these test pieces were 
the round disk 3.5 mm in thickness and 130 mm in diameter and had the centering holes with the square shape with 
four small round corners to prevent from the circumferential rotations of the non-symmetric semi-product disks in 
the target actual manufacturing process. The n-power law characteristics of these materials were also shown in 
Table 1. The clearance conditions at the first step of the pre-hole shearing process were both minus 10% and 20%. 
The punch penetration depth conditions at the first step ranged from 10% to 70% in thickness. The clearance 
condition at the second step of the usual shearing process was 12% for an initial thickness of 3.5 mm. 
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The pre-hole diameter for the hole expanding process was 36 mm, which was rather smaller relative to the 
thickness. Hence, the condition of the hole expanding process was rather severe for the completion without any 
breakage at the edge of the inner hole rim. A commercial petroleum oil “Clear-Lub PB-120” was used as a 
lubricant for the hole expanding process which was brushed on the surface of the conical punch before the 
respective test of the hole expanding process. 

Table 1. Conditions of experiment. 
Material of Blank Hot rolled steel for auto (High tensile stress steel)  SPFH590; 0.18964V H  MPa 
Dimension of Blank Thickness; 3.5 mm, Outer Diameter; 130 mm Centering hole Shape; Square with round corer in radius 5mm   Square side distance; 26.2mm, 27.6mm 
Pre-hole Shearing 
Punch Diameter ; 36 mm㸪Punch profile radius; 0 mm,  0.1 mm 
Blank holder ; Polyurethane spring  “Misumi  AZ20-40” 
Clearance at first step; minus 10%㸪minus 20% 
Punch penetration depth at first step relative to the thickness; 10%㸪30%㸪40%㸪50%㸪70% 
Clearance at second step; scrap rejection step  12%㸦based blank thickness 3.5 mm㸧 
Hole expansion process Conical punch shape with cone angle of 30 deg. Holding force for blank flange; 65 kN Lubricant; Commercial petroleum oil  “Clear-Lub PB-120” 
 
3. Experimental results and discussion 
3.1. Influence of punch penetration depth at first step during pre-hole shearing process on formability of hole 
expanding 
Fig. 6 shows the influence of the punch penetration depth at the first step during the pre-hole shearing process 
with the simplified opposite die shearing process on the formability in the following hole expanding process. The 
horizontal axis is the punch penetration depth compared with the plate thickness at the first step under the minus 
clearance condition with 20%. The vertical axis is the hole expanding ratio defined with Eq. (1). The circle 
symbols show the case of the result without the breakage at the inner edge after the hole expanding process. The 
cross symbols represent the case with the breakage. The triangle symbols indicate the case with the neck. The 
curve with the full line was drawn for with and without the breakage. There existed an extreme with the curve at 
about 30% of the punch penetration depth where the hole expanding ratio was 1.1.  
Fig. 7 is intended to clarify the reason for the above result relating to Fig. 6, and shows the influence of the 
punch penetration depth at the first stroke of the pre-hole shearing process with the simplified opposite die 
shearing process on the features of the separated surface after the second step. The horizontal axis is the punch 
penetration depth at the first step and the vertical axis is the composition on the separated surface after the second 
step. If the first stroke value with the simplified opposite die shearing process had corresponded to the height of the 
burnished surface of the separated surface after the second step with the usual shearing feature, all of the solid 
circle symbols would be on the diagonal broken line with the angle of 45 degrees. At the punch penetration depth 
10%, however, the solid circle symbol is above far from the diagonal broken line. This means that the height of the 
burnished surface after the second step is greater than the punch penetration depth at the first step. Thus, it is 
confirmed that the burnished surface is formed not only at the first step with the simplified opposite die shearing 
process but also at the second step with the usual shearing process. Moreover, the height of the burnished surface 
at the punch penetration depth of 10% is the sum of those burnished surfaces at both steps.  
Fig. 8 shows the micro Vickers hardness distribution on the burnished surface in the thickness direction after the 
second step. The horizontal axis is the downward distance in the thickness direction from the top to the end of the 
burnished region and the vertical axis is the micro Vickers hardness. The parameters are the punch penetration 
depths at the first steps in simplified opposite die shearing process. In the case of punch penetration depth of 10%, 
the micro Vickers hardness begins to increase from the distance at about 0.5 mm. That means that the burnished 
surface region between the top and the distance at 0.5 mm has not undergone any work-hardening because of 
simplified opposite die shearing process with the cutting mechanism. The micro Vickers hardness beyond 05 mm 
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(right hand direction in Fig. 8), however, increased and has been work-hardened because of the second step in 
simplified opposite die shearing process with the usual shearing mechanism. This result coincides with the fact that 
the hole expanding ratio was lower at the punch penetration depth of 10% in Fig. 6. 
 
 
Fig. 6. Influence of punch penetration depth in 1st step on hole 
expanding ratio. Punch profile radius 0.1 mm. Clearance -20%.  Fig. 7. Relationship between composition of separated surface and punch 
penetration depth in 1st step. Punch profile radius 0.1 mm. Clearance -20%.
 
Fig. 8. Hardness distribution in thickness direction with punch 
penetration depth in 1st  step as a parameter. 
Table 2. Influence of punch penetration depth in 1st step on separated 
surfaces. Clearance minus 20%. 
Punch penetration depth Features of separated surface 
10% 
 
ĸ Burnished surface 
ĸ Fractured surface 
30% 
 
ĸ Burnished surface 
ĸ Fractured surface 
50% 
 
ĸ Burnished surface 
ĸ Fractured surface 
70% 
 
ĸ Burnished surface 
ĸ Fractured surface 
 
 
The curve of the burnished surface at the punch penetration depth from 30% to 50% in Fig. 7 coincides with the 
diagonal line. That means that all the burnished surfaces of this punch penetration depth region were formed by the 
first step in simplified opposite die shearing process with the cutting mechanism and did not undergo any work-
hardening. This result coincides with the lower micro Vickers hardness distribution under the conditions of the 
punch penetration depths of both 30% and 50% in Fig. 8. Therefore the hole expanding ratio under these 
conditions was excellent in Fig. 6. 
The ratio of the burnished surface in the region of the punch penetration depth condition over 50% is under the 
diagonal line in Fig. 7. Thus, the ratio of the burnished surface was smaller than the punch penetration depth of the 
first step in simplified opposite die shearing process, and the effect of simplified opposite die shearing process on 
preventing the work-hardening was not sufficient under these punch penetration depth conditions.  
Table 2 shows the photos of the separated surfaces with the parameters of the punch penetration depths. The 
burnished surface has a shiny appearance and the dark rough surface a fractured surface in the respective photo. In 
the case of the punch penetration depth of 70%, the thickness ratio of the burnished surface was rather smaller 
because the fracture occurred at a rather earlier instance during the first step in simplified opposite die shearing 
process. The reason is that the large volume of chips caused by the minus clearance generated resistant stress 
against the plastic deformation for the shearing. Thus, the occurrence of the fracture at the separated plane was 
promoted by the chip accumulation. This result is related with the result in Fig. 6, i.e., the hole expanding ratio 
under the high punch penetration depth condition 70% was rather lower. 
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3.2. Comparison of  hole expanding ratio of simplified opposite die shearing process with that of usual punching 
process 
Fig. 9 is the results in the case of the usual punching process in which the horizontal axis represents the 
clearance and the vertical axis the hole expanding ratio. The maximum hole expanding ratio was about 0.8 at the 
clearance condition 24%, while the ratio in the case of simplified opposite die shearing process was 1.1 as shown 
in Fig. 6.  Thus, the hole expanding ratio in simplified opposite die shearing process for pre-hole forming increased 
by 0.3 over that of the usual punching process.  
Fig. 10 serves to explain about this increase of the hole expanding ratio in the case of simplified opposite die 
shearing process. The horizontal axis represents the distance in the radial direction from the separated open surface 
and the vertical axis indicates the micro Vickers hardness with the parameters of the punching method of 
simplified opposite die shearing process and the usual punching process. The distribution of the hardness in 
simplified opposite die shearing process is rather lower than that of the usual punching process. Thus the ductility 
in simplified opposite die shearing process has remained rather than in the usual punching process and the hole 
expanding ratio in the case of simplified opposite die shearing process was increased in the following hole 
expanding process. 
 
Fig. 9. Hole expanding ratio in case of usual shearing for pre-hole 
without blank holder. 
 
Fig. 10. Comparison of hardness distribution in radial direction 
between simplified opposite die shearing process and usual shearing. 
 
4. Conclusion 
The influence of the pre-hole shearing condition utilizing simplified opposite die shearing process on the 
formability in the following hole expansion process was evaluated by means of a series of laboratory scale 
experimental procedures. As a result it was confirmed that the hole expanding ratio in the case of simplified 
opposite die shearing process for the pre-hole shearing increased by 0.3 compared to that of in the case of usual 
shearing process. The reason was shown with the viewpoint of the remaining ductility without undergoing work-
hardening. 
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